a Thyroid hormone receptor b2 (TRb2) controls the patterning of cone opsin photopigments that mediate colour vision. We raised an antiserum against TRb2 to study cone photoreceptor development by western blot and immunostaining analyses. TRb2-positive cells first appeared between embryonic day 10 (E10) and E12. Numbers increased until near birth, correlating with generation of the cone population. At birth, signals decreased until postnatal day 10, then declined to very low levels in adulthood. TRb2-positive cells were initially dispersed but became aligned at the edge of the outer neuroblastic layer by E15. Postnatally, these cells migrated inwardly until postnatal day 10, then outwardly to the edge of the outer nuclear layer, the location of mature cones.
Introduction
Colour vision in most mammals, including mice, is dichromatic, being mediated by M and S opsin photo pigments for sensitivity to medium-long ('green') and short ('blue') wavelengths of light, respectively [1, 2] . Opsins are expressed in cone photoreceptors that are generated before birth in the mouse [3] . Cones begin to express S opsin near birth and M opsin at P8 [4, 5] . There is a paucity of markers for immature cones before the expression of opsins.
Thyroid hormone receptor b2 (TRb2), a ligand-regulated transcription factor, is critical for opsin patterning [6, 7] . TRb2-deficient (Thrb2 -/ -) mice lack M opsin and all cones instead express S opsin, indicating that TRb2 controls M opsin induction and the differential distribution of M and S opsins. Colour visual deficits have been noted in rare cases of human resistance to thyroid hormone, which is associated with TRb mutations [8, 9] . The Thrb gene encodes TRb2 and TRb1, a more widely expressed isoform that differs from TRb2 in its N-terminus [10, 11] .
TRb2 expression in retina was first demonstrated at the mRNA level in the chick embryo [6] and subsequently in the mouse [7] . Detection of TRb2 by in-situ hybridization [6, 12, 13] or use of a transgenic reporter [11] is limited in terms of sensitivity and cellular resolution. We have generated an antiserum to study TRb2 as a marker for cone development and migration.
Methods

Antiserum
A cDNA encoding mouse TRb2 N-terminus (108 amino acids) was cloned into pQE30 (Qiagen, Valencia, California, USA). The His 6 -tagged protein was expressed in bacteria, purified using Ni-chelate chromatography, then sent to Berkeley Antibody Company for raising antiserum (b2N) in rabbits.
Immunohistochemistry
Eyes from C57BL/6J mice were fixed in 4% paraformaldehye for 3 h at 41C, immersed in 30% sucrose and embedded in Optimal Cutting Temperature for preparation of 10 mm cryosections. Immunostaining was performed using a Vectastain ABC Elite Kit with biotinylated goat anti-rabbit second antibody (Vector Laboratories, Burlingame, California, USA) according to manufacturer's instructions. The b2N antiserum (1 : 2500) was incubated overnight at room temperature. TRb2-positive cells were counted around the entire retina on 10 mm sections near the vertical midline of the eye, on three to four sections from three to five embryos per age. Mice carrying the S opsin-lacZ-Thrb intron transgene have been described [11] . Animal experiments were performed in accordance with approved protocols at the National Institute of Diabetes and Digestive and Kidney Diseases/National Institutes of Health.
Western blot analysis and cell transfections
Transfected cells were sonicated in 20 mM Tris-Cl, pH 7.5, 200 mM NaCl, 0.5% Nondet-P40, 0.5 mM EDTA, 10 mM DTT and phenylmethanesulphonylfluoride. Lysates were centrifuged at 3000 rpm for 5 min and the supernatant used for western blot analysis. Pituitary (n = 3, pooled) and neuroretina dissected from eyes (n Z 3, pooled) were homogenized in lysis buffer and incubated on ice for 30 min. To separate nuclear and non-nuclear fractions, tissues were homogenized in 10 mM Tris-Cl, pH 8, 10 mM KCL, 0.1 mM EDTA, 1 mM DTT and phenylmethanesulphonylfluoride to yield a supernatant as the non-nuclear fraction and a pellet used to extract the nuclear fraction as described [14] . Twenty micrograms of samples were analyzed by 10% SDS-polyacrylamide gel electrophoresis in Tris-glycine buffer with electrotransfer to nitrocellulose. The membrane was probed with b2N antiserum (1 : 2500) or actin monoclonal antibody (Chemicon, Billerica, Massachusetts, USA) (1 : 5000) in PBS containing 5% nonfat milk and 0.2% Tween-20 overnight at 41C. Second antibodies were horseradish peroxidase-goat rabbit or mouse IgG (Zymed, South San Francisco, California, USA) (1 : 10 000). Signals were detected with Amersham ECL Plus Western Blotting kit (GE Healthcare, Buckinghamshire, UK). Kodak Biomax film was exposed for 1 or for 10 min for long exposure. TR cDNAs [10] were cloned into pSG5 for in vitro translation using TNT-Coupled Reticulocyte Lysates (Promega, Madison, Wisconsin, USA). NIH3T3 cells were transfected with 2 mg of pSG5 expressing TRb2 or TRb1 using FuGENE HD Reagent (Roche, Indianapolis, Indiana, USA). After 48 h, cells were fixed in 2% PFA for 5 min and immunostained with b2N. Second antibody was Alexa Fluor 488 goat anti-rabbit antibody and the co-stain was Alexa Fluor 546 phalloidin.
Results
The antiserum against TRb2 detected overexpressed TRb2 but not TRb1 in transfected NIH3T3 cells ( Fig. 1a and b). Signals were primarily nuclear with low signals in the cytoplasm. In western blot analysis, the antiserum detected a TRb2 band with a size of approximately 58 kDa but not TRb1 or TRa1 when expressed in transfected cells or translated in vitro (Fig. 1c) . The antiserum detected endogenous TRb2 in mouse tissue extracts (Fig. 1d) . TRb2 is much more abundant in the anterior pituitary than retina at optimal ages for expression in each tissue (pituitary, postweaning; retina, late embryo) [7, 11] . In lysates of pituitary at P25 and eye at E17.5, TRb2 was detected in the nuclear but not non-nuclear fraction. The TRb2 band was absent in tissues from Thrb2 -/ -mice.
Western blot analysis of retinal rather than eye lysates enriched the TRb2 band and reduced nonspecific background bands (Fig. 1e) . Developmental analysis of retinal extracts detected peak TRb2 signals between embryonic day 15 (E15) and E18 and lower levels from birth to postnatal day 5 (P5). After P10, levels declined to very low levels in adults. Prolonged exposure times detected a faint TRb2 band at P80 in wild type but not Thrb2 -/ -mice. The embryonic peak and postnatal decline in TRb2 levels is consistent with the general trend observed for TRb2 mRNA [6, 7, 12] .
Immunostaining detected sparse, faintly positive cells in wild-type retina at E10.5 (Fig. 2a) . Signals strengthened by E12.5. TRb2-positive cell numbers increased progressively until near birth, with a peak at E17-E18, characteristic of the profile of cone generation in mice [3] (Fig. 2b) . Total numbers were relatively small, consistent with the small population of cones in mice, in which cones represent only 3% and rods 97% of photoreceptors [15] .
At birth, signals per cell decreased sharply but strengthened again at P2-P10. Signals declined again after P10 and only faintly positive cells were detected at or after P16. The abrupt dip in TRb2 signals at P1 detected by immunostaining contrasted with the more gradual postnatal decrease detected by western blot analysis (Fig. 1e) . A possible explanation is that although TRb2 protein remains present at P1, it is transiently sequestered in protein complexes or cell compartments as the cell develops morphologically such that immunohistochemistry is less sensitive. Preimmune serum gave no specific signal at any age (Fig. 2c ).
After P5, TRb2 signal was often enriched in the perinuclear or adjacent cytoplasmic zone of the cell body unlike in embryonic cells in which the signal was more localized in the nucleus (Fig. 2a and c) . The perinuclear signal may be a result of differences in response to fixation at postnatal stages. However, the consistent perinuclear signal at these later ages may reflect a developmental change in the subcellular localization of TRb2 as cones adopt a more mature morphology, perhaps suggesting compartmentalization as a means of control of TRb2 activity.
TRb2-positive cells initially showed a dispersed localization in the outer neuroblastic layer (ONBL) with a few cells also located in inner retinal layers, suggesting that recently generated cones were not attached to a particular location (Fig. 2d) . From E13.5 until birth, almost all TRb2-positive cells became aligned near the outer edge of the ONBL, suggesting that immature cones were constrained from movement despite the ongoing proliferation and migration of other cell types in the retinal neuroblastic layers during this period.
From birth until P10, TRb2-positive cells migrated inwardly across the nascent outer nuclear layer (ONL). After P10, these cells remigrated outwardly to the outermost region of the ONL, the location of mature cone cell bodies [15] . The cone identity of TRb2-positive cells was demonstrated using mice carrying a conespecific transgenic lacZ reporter driven by an S opsin promoter [11] . TRb2-positive cells coexpressed b-galactosidase (Fig. 2e) .
Discussion
TRb2 represents an early cone marker according to several criteria: (i) the accumulation of TRb2-positive cells in utero correlates with the period of generation of the cone population, as indicated previously by [ 3 H]-thymidine labeling in birth-dating studies [3] .
(ii)
The relatively small number of TRb2-positive cells is characteristic of the small cone population in mice [15] .
(iii) The postnatal migration pattern of TRb2-positive cells follows that of maturing cones [16] . (iv) TRb2 co-localizes in cells that express a cone marker transgene (Fig. 2e) . The data indicate that TRb2 identifies cones for much of the early phase of their life history. RXRg, a possible heterodimerization partner for TRb2, also influences S opsin distribution in mice [17] and it is also expressed in cones, as well as inner neuroblastic and ganglion cells [18] . More widely expressed cone markers include CRX, which is also in rods [19, 20] and neuron specific enolase which is also in bipolar, horizontal and ganglion cells [16] .
TRb2 expression follows two phases: first, TRb2 is induced soon after cones are generated in utero. This early peak of TRb2 expression may be necessary to prime cones for the later expression of opsins. TRb2 is also a candidate hallmark that distinguishes newly generated cones and rods. Although cones and rods are functionally distinct types of photoreceptors, precursors of both cell types share considerable developmental plasticity [21] such that the identification of early, specific markers for rods and cones is of practical interest. In the second, postnatal phase of expression, after cone generation is complete [3] , lower levels of TRb2 persist as cones migrate to their final location in the ONL. It is during this phase that M opsin is induced and M and S opsins become differentially distributed, events that require TRb2 together with rising levels of thyroid hormone [22] [23] [24] .
The postnatal shift in subcellular distribution of TRb2 signal towards a perinuclear or cytoplasmic location as opposed to the nuclear location at earlier stages may have functional implications. Given that TRb2 acts as a ligand-regulated transcription factor, this could effectively reduce the nuclear activity of TRb2, paradoxically at the time when thyroid hormone induces M opsin expression. If so, one speculation is that the correct response of the postnatal cone to thyroid hormone requires some degree of reduction of sensitivity. Another speculation is that in addition to its transcriptional activity, TRb2 may possess some non-nuclear signaling function.
TRb2-positive cells display a double wave of migration during development. At E12-E13, the first cells detected are somewhat scattered in the neuroblastic layers. Soon thereafter, TRb2-positive cells localize at the outer edge of the ONBL, suggesting that immature cones are tethered despite the ongoing, large-scale proliferation of progenitors and migration of other retinal cell types during this period. Postnatally, cones migrate inwardly through the nascent ONL, which has been proposed to be a result of displacement by the expanding rod population [16] . After P10, cones re-migrate outwardly to their mature location at the outer edge of the ONL, which may involve attractive cues [16] . These attractive cues and the earlier signals that tether immature cones in the ONBL in the embryo remain to be identified.
In the late embryo, TRb2-positive cells form a layer two to four cells thick at the edge of the ONBL whereas in the adult, cone cell bodies are sparser in the ONL [15] . This reduced density may be explained potentially by cell death, a natural process in retinal differentiation [25] and by a process of dilution as the eye grows and other cell populations expand. Cones are one of the first retinal populations to be generated such that the later expansion of rods would reduce cone density in the mature ONL.
Conclusion
The results indicate that TRb2 identifies cones from their initial generation in the embryo to postnatal maturation stages. Expression peaks with the completion of cone generation before birth, then declines during postnatal phases of migration and maturation.
